1. Introduction {#s0005}
===============

High environmental temperature is one of the most important stressors associated with economic losses to the poultry industry ([@bb0195; @bb0200]). It causes poor growth performance ([@bb0040]), immunosuppression ([@bb0360]), and high mortality ([@bb0345]), contributing thus to a decrease in productivity. Furthermore, heat stress deteriorates meat quality by accelerating postmortem glycolytic metabolism, resulting in pale and exudative meat characteristics in chicken ([@bb0270; @bb0155]).

Although the responses to heat differ between chickens of different genetic backgrounds ([@bb0020; @bb0130; @bb0300; @bb0085]), broilers are in general more sensitive to high environmental temperatures than other domestic animals ([@bb0110]). Indeed, domestication and selective breeding are producing individuals that are more susceptible to stress rather than more resistant ([@bb0330; @bb0050]). In particular, the resistance to heat stress of strains selected for rapid growth is significantly lower than that of slow-growing strains and the continuous selection for fast growth seems to be associated with increased susceptibility of broiler chicken to heat stress ([@bb0035; @bb0315; @bb0290]).

Different studies have demonstrated oxidative injury induced by high ambient temperatures in broiler chickens ([@bb0020; @bb0225]). Heat is a major source of oxidative stress since it causes a redox imbalance between the pro- and anti-oxidants in favour of prooxidants. However, several effective antioxidant systems prevent oxidative damage, including various antioxidant enzymes, such as catalase (CAT), superoxide dismutase (SOD), and glutathione peroxidase (GPX) ([@bb0140]). SOD catalyses dismutation of superoxide radicals to hydrogen peroxide and oxygen; CAT catalyses the breakdown of hydrogen peroxide to water and molecular oxygen, and GPX decomposes peroxides through other mechanisms ([@bb0145]). Several studies have clearly demonstrated that exposure to high ambient temperatures causes a compensatory increase in the activity of SOD, GSH-Px, and CAT in serum, liver, and muscle of broiler chickens ([@bb0315; @bb0025]).

Most organisms respond to heat stress by inducing the synthesis of a group of highly evolutionarily conserved stress-modulated proteins known as heat shock proteins (HSPs). Analogously to enzymatic oxygen scavengers, the expression of HSPs is upregulated in response to high temperatures, given that one of the most important functions of HSPs is to protect organisms from the toxic effects of heating ([@bb0030; @bb0105; @bb0295];). Moreover, several HSPs function as intracellular chaperones for other proteins. They play an important role in protein assembling and disassembling ([@bb0240]), protein folding and unfolding ([@bb0260]), and protein translocation ([@bb0235]). Of the many expressed HSPs, those with a molecular weight of approximately 70 kDa, named HSP70, have been extensively studied in chicken because they seem to best correlate with heat tolerance ([@bb0100; @bb0290; @bb0150; @bb0135];).

Rearing stress conditions and physical agents, like heat, can also activate apoptosis, which is triggered by caspases, a family of structurally related cysteine aspartases. It has been well documented that the expression of caspase genes may be influenced by persistent stress in broiler chicken and other vertebrates such as rainbow trout ([@bb0180; @bb0190]).

In chicken as in other vertebrates, stress activates the hypothalamus-pituitary-adrenocortical (HPA) axis, leading to a rapid release of corticotropin-releasing hormone (CRH) and adrenocorticotropic hormone (ACTH) from the cells located in the hypothalamus and pituitary, respectively. ACTH stimulates the synthesis and release of steroids from the adrenal cortex by promoting the uptake of cholesterol and its enzymatic conversion to the glucocorticoid hormone corticosterone (CORT) ([@bb0165; @bb0090]). CORT released into the circulatory system diffuse across the plasma membrane of the cells and binds to a high affinity cytosolic glucocorticoid receptor (NR3C1), which is mainly found in cytoplasm as a heterocomplex by coordinated associations with molecular chaperones, such as HSP40, HSP70 and HSP90 ([@bb0070; @bb0210; @bb0255]). Binding of CORT to NR3C1 induce the NR3C1 heterocomplex leading to NR3C1 homodimerization and nuclear translocation. Once inside the nucleus, NR3C1 can regulate gene transcription, through binding to a palindromic response element termed the glucocorticoid response element (GRE), which is located in the promoter regions of target genes ([@bb0365; @bb0175]). Binding to GRE induces conformational changes in NR3C1 leading to coordinated recruitment of coactivators and chromatin-remodelling complexes that influence the activity of polymerases and activate gene transcription ([@bb0175; @bb0255]). However, according to recent discoveries, many NR3C1-binding sites are located far from the promoter proximal region of target genes and showed an unexpected difference between the activation and repressive functions of the NR3C1. What remains to be established, thus, is the functionality of these distant NR3C1-binding sites in relation to the transcription of genes or other undiscovered functions encoded in the NR3C1 protein ([@bb0255]).

Different authors have carried out studies in poultry utilizing molecular markers (including SNPs) ([@bb0275; @bb0160]). Currently, the search for SNP markers represents one of the favourite genotyping approaches because they are very abundant in the genome and amenable to high-throughput analysis ([@bb0350]).

Genetic variation influences gene expression as demonstrated by [@bb0305], [@bb0310]). The same authors, in a study carried out in human lymphoblastoid cell lines ([@bb0305; @bb0310]), highlighted that SNPs captured 83.6 of the total detected genetic variation in gene expression. For these reasons, many SNPs in candidate genes seem to have an important role in regulating the expression level of these genes ([@bb0080]).

In view of these considerations, the first aim of our study was to investigate the effects of chronic heat exposure on the expression of genes codifying for the antioxidative enzymes SOD and CAT as well as for HSP70, HSP90, NR3C1, and caspase 6 (CASP6) in the liver of two different broiler hybrid strains: Red JA Cou Nu Hubbard (CN) and Ross 508 Aviagen (RO). CN is a naked neck slow growing broiler strain intended for the free range and/or organic markets, whereas RO is a strain selected for fast growing ([@bb0055]). The effect of chronic heat stress on broilers was also studied by checking their productive performance, and plasma corticosterone levels. Another aim was to analyse a possible association between transcriptomic response and specific SNPs in each strain of broiler chickens.

2. Materials and methods {#s0010}
========================

2.1. Animals, experimental design, and sample collection {#s0015}
--------------------------------------------------------

RO and CN birds (average weight ± SE: RO = 98.48 ± 1.70 g; CN = 94.09 ± 1.67 g), were obtained from commercial hatcheries and raised for 4 weeks under standard conditions. As the chickens grew, the RT was gradually decreased from 35 °C to 22 °C and maintained by controlled ventilation and heating until day 28. At the age of 4 weeks, 120 RO and 120 CN broilers (sex ratio 1/1) were randomly divided into 4 cohorts (genotype/temperature combinations) of 60 animals which were then reared for 4 weeks at two different environmental temperatures: 60 RO and 60 CN were housed in separate pens situated in a room at 34 °C (high temperature, HT) and other 60 RO and 60 CN were housed (in separate pens) in another room and maintained at 22 °C (control temperature, CT). All birds were kept under standard conditions (wood-shaving litter, wire pens), and fed the same standard commercial diet (metabolizable energy: 11.8 MJ/kg; crude protein: 18%). Birds were given ad libitum access to feed and water throughout the experiment and were weighed weekly from the 1st week of age on. During the experiment, birds were under careful veterinarian examination; the underlying health status was good and no mortality was recorded. At the age of 8 weeks (end of the trial), all birds were individually weighted and then placed into coops and transported to an authorized commercial processing plant very close to the experimental farm. At the processing plant, birds were manually removed from coops, hung on shackles, and then electrically stunned by using two-stage electrical stunner (214 V, pulsed direct current at approximately 500 Hz for 18 s, followed by 14 V, 60 Hz alternate current for 9 s). After stunning, birds were jugulated by using a conventional unilateral neck cut to severe the carotid artery and jugular vein, bled for 140 s, and then eviscerated. Liver of 10 randomly selected birds/cohort (40 livers in total), were dissected out, immediately frozen in liquid N~2~, and then stored at − 80 °C until RNA analysis. Carcasses (bled, defeathered, and eviscerated) of 10 birds/cohort (40 carcasses in total) were weighed after 18 h of refrigeration at 4 °C. After recording carcass weight (CW), we calculated carcass yield (CY) by using the following formula: CY = CW after refrigeration/dock weight\*100.

2.2. Ethics statement {#s0020}
---------------------

This study was carried out in strict accordance with the recommendations of the Guide for the Care and Use of Experimental Animals of the University of Milan, Italy. The protocol was approved by the Ethics of Animal Experimentation Committee of the same University. All efforts were made to minimize birds suffering.

2.3. Blood sampling {#s0025}
-------------------

Blood samples for CORT measurements and SNP genotyping were drawn from the right ulnar vein of 10 birds/cohort into sterile K3 EDTA 2.5 ml PiC Solution® type syringes (needle 22 gauge, 0.7 × 30 mm). The drawn time was 30--50 s. Blood was collected in polypropylene test tubes (vol. 5 ml --- Ø 13 × 75 mm, Nuova Aptaca, Italy) with separating silicone gel. Each of the forty blood aliquots taken was immediately subdivided into two aliquots: the first one of whole blood that was stored at minus 80 °C until DNA extraction, and the second one that was immediately centrifuged (1800 ×* g* for 5 min) to take the plasma, which was then stored at − 70 °C until CORT analysis. CORT concentration was measured using the Corticosterone HS EIA® (Immunodiagnostic Systems Limited, United Kingdom) kit, following the manufacturer protocol. This is a high sensitivity (0.17 ng/ml) competitive (EIA) kit, designed to work with very low levels of CORT. The Corticosterone HS kit is validated for chicken. It assures good accuracy and precision (intra-assay \< 10%, inter-assay \< 15%), and fast turnaround time (results in 5 h with 30 min hands-on time).

2.4. Total RNA isolation and first-strand (cDNA) synthesis {#s0030}
----------------------------------------------------------

We extracted total RNA from 300 mg of each liver sample using the PureYield™ RNA Midiprep System (Promega, Italy). We then used NanoDrop2000 spectrophotometer (Thermo Scientific, Italy) at an absorbance of 260 nm to calculate the quantity of the extracted RNA, and electrophoresis to assess the integrity of RNA. After extraction, total RNA was reverse transcribed into cDNA using M-MLV Reverse Transcriptase kit (Invitrogen, Italy).

2.5. One-step TaqMan® real-time RT-PCR analysis of target genes transcript copies {#s0035}
---------------------------------------------------------------------------------

We quantified the mRNA copies of *HSP70*, *HSP90*, *CAT*, *SOD*, *NR3C1*, and *CASP6* by One Step TaqMan® real time RT-PCR (reverse transcription polymerase chain reaction) using the standard curve (absolute) method (please refer to [@bb0320]) for details on this method). The nucleotide sequences of all primers used in this study are reported in [Table 1](#t0005){ref-type="table"}. We used Promega RiboProbe® *In Vitro* Transcription System kit for the in vitro transcription of the mRNAs of each target gene and the synthetic mRNAs produced in this way were then used as quantitative standards in the real time RT-PCR analysis of the experimental samples. Real time analysis was performed in duplicate per each sample using One-Step TaqMan® EZ RT-PCR Core Reagents kit (Life Technologies, Italy) and the following real time run conditions: 2 min at 50 °C, 30 min at 60 °C, and 5 min at 95 °C, followed by 40 cycles consisting of 20 s at 92 °C, and 1 min at 62 °C. Real-time Assays-by-Design^SM^ PCR primers ([Table 2](#t0010){ref-type="table"}) and gene-specific fluorogenic probes were manufactured by Life Technologies, Italy. We used StepOne Real Time PCR System to perform TaqMan® PCR reactions and collected TaqMan® PCR runs data using StepOne™ Software 2.0. Cycle threshold (Ct) values obtained by each standard mRNA amplification were used to create a standard curve for each target gene. This curve served as a basis for calculating the unknown mRNA copies of each gene present in total RNA extracted from each liver sample.

2.6. DNA preparation and SNP genotyping {#s0040}
---------------------------------------

Genomic DNA was isolated using the GenElute Blood Genomic DNA kit (Sigma Aldrich, USA). The SNPs were genotyped by LGC Genomics (UK) using KASPar technology. Then, 10% of the samples were genotyped in duplicates to assess genotyping accuracy.

We chose two genes for SNP analysis: *HSP70* (6 different SNPs) and *CASP6* (4 SNPs). The list of these SNPs is reported in [Table 3](#t0015){ref-type="table"}. After the analysis, five SNPs were rejected (two from *HSP70*, and three from *CASP6*) because they were found to be monomorphic in the studied breeds.

2.7. Statistical analysis {#s0045}
-------------------------

Live weights (LW), carcass weight (CW), carcass yield (CY), CORT concentration and gene expression data were analysed by GLM procedure using the SAS software (SAS Institute Inc., SAS, Version 8, Cary, NC: SAS Institute Inc., 2000).

We considered genetic strain, environmental temperature, and their interaction as sources of variation according to following linear model:$$y_{ijk} = \mu + S_{i} + T_{j} + \left( {S \ast T} \right)_{ij} + e_{ijk}$$

wherey~ijk~dependent variable (LW,CW,CY,CORT, GENE EXPRESSION);μoverall mean;S~i~fixed effect of the strain (i = 1,2);T~j~fixed effect of the temperature (j = 1,2);(S ∗ T)~ij~interaction between strain and temperature effects;e~ijk~residual random effect of each observation.

Significance level was set at *P* \< 0.05. The genotypic frequencies of SNPs were calculated by using the SAS software and allele frequencies were estimated as suggested by [@bb0265].

3. Results {#s0050}
==========

3.1. Productive performance {#s0055}
---------------------------

The mean live weights of the four broiler cohorts during the experiment are reported in [Fig. 1](#f0005){ref-type="fig"}. The results showed that there was a temperature and a genotype effect on the broilers\' growth, from the 5th until the 8th week of age. However, the interaction effect between genotype and temperature was not significant; therefore, we considered the main effect of strain and temperature. The results of the statistical analysis considering the main effect of genotype ([Table 4](#t0020){ref-type="table"}) showed that the RO broilers grew more than the CN broilers from the 4th until the 8th week of age. Indeed, RO broilers reared at either 22 °C or 34 °C had an average weight significantly higher than CN broilers through weeks 4, 5, 6, 7 and 8. By considering the main effect of temperature ([Table 4](#t0020){ref-type="table"}), the unstressed broilers, either RO or CN, grew more than the heat stressed from the 5th until the 8th week of age and at the end of the trial (8th week of age), broilers of the control group (CT) weighted 317.1 g more than those of the stressed group (HT).

Carcass weight ([Fig. 2](#f0010){ref-type="fig"}) reached the highest value (2156.7 g) in RO broilers reared at 22 °C and the lowest (1422.17 g) in CN broilers reared at 34 °C. Since the interaction between temperature and genotype was not significant for this trait, we considered the main effects. The results of the statistical analysis ([Table 5](#t0025){ref-type="table"}) considering the main effect of genotype showed that carcass weight was significantly higher in RO than in CN broiler, whereas by considering the main effect of temperature ([Table 5](#t0025){ref-type="table"}), surprisingly, the carcasses of the unheated group (CT) resulted heavier than those of the heat stressed group. Indeed, although the difference in carcass weight between CT and HT was more than 200 g, we did not have enough evidence to be able to conclude that the difference was not due to chance.

Carcass yield at slaughter ([Fig. 3](#f0015){ref-type="fig"}) reached similar values in the four groups ranging from 86.5 to 88.6%. The interaction effect genotype--temperature was not significant for carcass yield; therefore, we considered the strain and temperature main effects ([Table 5](#t0025){ref-type="table"}). Although RO had a more favourable dressing percentage (87.8%), the statistical analysis of the main genotype effect showed that the difference in carcass yield between RO and CN was not significant. By considering the main temperature effect ([Table 5](#t0025){ref-type="table"}), the heat stressed birds (HT) showed a significantly higher carcass yield than the controls (87.6% vs 86.8%).

3.2. Plasma CORT levels {#s0060}
-----------------------

Statistical analysis by two-way ANOVA showed significant differences in plasma CORT concentration related to strain and temperature. However, the interaction effect between genotype and temperature was not significant for plasma CORT concentration. Data on the main effects of genetic strain and temperature on CORT plasma concentration are presented in [Fig. 4](#f0020){ref-type="fig"}. As shown, high temperature increased plasma CORT concentration in all birds regardless of breed. Indeed, the concentration of CORT in RO and CN broilers maintained at 34 °C (HT) was significantly higher than that of the same breeds maintained at 22 °C (CT). On the other hand, by considering the breed main effect, the CORT concentration in RO broilers maintained at either high or low temperature was significantly lower than that of the CN birds maintained at the same conditions.

3.3. Gene expression {#s0065}
--------------------

The effects of 4-weeks heat exposure on the expression of six hepatic genes in RO and CN genetic strains are shown in [Figs. 5--8](#f0025 f0030 f0035 f0040){ref-type="fig"}.

With regard to *HSP70* and *HSP90* genes ([Fig. 5](#f0025){ref-type="fig"}A and B), the statistical analysis showed that there was not a significant interaction effect between temperature and genotype on the expression. Data on the main effects of genetic strain and temperature indicated that the differences in transcript levels of *HSP* genes were not significant between RO and CN and at different temperatures.

The response of genes codifying for antioxidant enzymes CAT and SOD diverged between the two broiler strains following high environmental temperature exposure ([Fig. 6](#f0030){ref-type="fig"}A and B). In particular, *SOD* transcript abundance in the liver of two strains was not influenced by heat stress ([Fig. 6](#f0030){ref-type="fig"}B), whereas in the case of *CAT* gene ([Fig. 6](#f0030){ref-type="fig"}A), we found an interaction genotype--temperature effect on the expression. Indeed, *CAT* mRNA copy number was significantly upregulated in the liver of CN broilers maintained at HT for 4 weeks in comparison to the mRNA levels found in broilers maintained at 22 °C. It is interesting to note that the expression of *CAT* in the liver of heat-stressed CN broilers was not statistically different from that of RO broilers maintained at either control or heat-stressed conditions ([Fig. 6](#f0030){ref-type="fig"}A).

No effect of chronic exposure to high ambient temperature was found in *NR3C1* expression levels in either broiler strains ([Fig. 7](#f0035){ref-type="fig"}).

The interaction effect between genotype and temperature was significant for *CASP6* gene expression. Likewise in *CAT*, heat stress influenced the expression of *CASP6* in RO broilers ([Fig. 8](#f0040){ref-type="fig"}) by significantly downregulating it in heat-stressed RO broilers. In contrast, no significant variation in *CASP6* expression was found in CN broilers exposed to chronic heat stress as compared to their respective controls ([Fig. 8](#f0040){ref-type="fig"}).

3.4. SNP analysis {#s0070}
-----------------

Five out of ten studied SNPs, those of *HSP70* and *CASP6*, were found to be monomorphic (only one genotype was found) ([Table 3](#t0015){ref-type="table"}). In all cases the monomorphic status had the same genotype in both genetic strains. Therefore, these SNPs cannot modulate the gene expression level.

In SNP3 of *HSP70* in CN ([Table 6](#t0030){ref-type="table"}), the most frequently found genotype was "CT" (86%), whereas in RO the homozygous "TT" was the most often observed (60%). In SNP4 of the same gene, the heterozygous "AG" shows a twofold greater frequency in CN (80%) than in RO (40%).

In SNP7 of the *HSP70* the homozygote "GG" is almost monomorphic (93%) in CN, whereas in RO, the genotypic frequencies are more evenly distributed. In SNP9 of the same gene the genotype "CC" is missing in RO.

In RO strain of broilers, the genotype "AA" was the most represented one in SNP9 of *CASP6* gene (53%), whereas in CN this SNP was monomorphic.

4. Discussion {#s0075}
=============

High temperature is one of the prominent environmental factors causing economic losses to the poultry industry as it negatively affects growth and production performance in chickens. The majority of the available studies have focused their attention on the effect of acute (short-term, 1 week) heat stress on broilers growth performance. There have only been a few studies that have investigated the effect of chronic heat stress (\> 3 weeks) on performance, physiological response, or stress related gene expression in broilers ([@bb0245; @bb0335; @bb0370; @bb0285]).

[@bb0245] reported a decrease in body weight gain and feed intake in birds maintained at 31 °C. These authors applied two different heat stressors in their study: (31 ± 1 and 36 ± 1 °C/10 h per day) to broiler chickens from the 35th to the 42nd day of life. Activation of the stress-induced hypothalamic--pituitary--adrenocortical axis (HPA), leading to a rapid release of CORT from the adrenal cortex, was thought to be responsible for the negative effects observed in the broilers\' performance in this trial. As known, plasma CORT level is an effective heat stress indicator in chicken ([@bb0095; @bb0215; @bb0065]). In our study, plasma CORT concentrations were influenced by high environmental temperature. Indeed, chronic heat stress conditions caused a significant increase in CORT levels due to activation of the HPA axis in both genetic strains of broilers. This result is in agreement with the findings of [@bb0245], who reported the same effect.

As for the body weight gain of broilers in our study, it almost appears that the slow-growing line was more susceptible to high temperatures in comparison to fast growing. Indeed, RO broilers, either stressed or unstressed grew more than CN ones, from the 4th till the 8th week of age. This was an unexpected result because, in addition to being slow growing, CN are also naked neck broilers and such reduction in feather coverage is known to affect their metabolism, so, they seemingly should have done better in the heat. Studies from [@bb0355], and from [@bb0060] have shown that naked-neck broilers have a higher rate of heat dissipation and better thermoregulation in the heat in comparison to their normally feathered counterparts, resulting in higher growth rate and meat production at high ambient temperatures ([@bb0045]).

We also investigated the effect of chronic heat stress on the expression of some key genes involved in the heat-stress response in broiler chickens. Liver, the hub of metabolism, was chosen as the target tissue. During heat stress, both lipid and carbohydrate stores of liver can be mobilized to generate energy for attenuating the negative effects of stress ([@bb0205]). In our study, broilers were maintained at high ambient temperature from week 4 to week 8 of age because, in general, the broilers have the most rapid growth in this phase of development and it is presumed that exposure to heat stress during this period is more likely to affect gene expression levels. Furthermore, from literature data results that high temperatures significantly affect broilers performance in particular, between the 4th and the 6th week of age ([@bb0115]).

When animals are exposed to thermal stress, the synthesis of most proteins is usually retarded, unlike that of a group of highly conserved proteins such as HSPs, which are rapidly synthesized. HSPs are a large family of proteins that are synthetized in response to environmental stress, including heat stress. Therefore, an increased expression of HSP genes following a heat shock is expected. However, in our study, we did not detect any change in mRNA copies of HSP70 in response to 4 weeks of heat stress. These results are in agreement with what [@bb0085] observed in laying hens. In that study, laying hens exposed to heat stress for one week exhibited higher *HSP70* mRNA copies in liver than the controls, but the expression did not remain at the same high level at the end of the second week of exposure to high ambient temperature. The authors commented that laying hens might have adapted to maintain normal thermal homeostasis at the elevated temperature and thus did not show a high expression of the *HSP70* gene. Having only data from the endpoint, we have not the evidence to state that the same explanation could be also applied to broilers of our study that were kept at high temperatures for four weeks. However, a similar adaptation of *HSP70* mRNAs could have been possible in our broilers, too. In addition, in the study of [@bb0135], in which an acute heat stress was applied, the *HSP70* expression was significantly higher in stressed broiler chickens at 2 and 3 h of heat stress but then returned to control values 5 h later.

Like *HSP70*, the *HSP90* gene is usually expressed at low levels under normal condition, but increases when stress is experienced. However, in the present study, no variations in this gene mRNA copies were found in the liver of chronically heat-stressed broilers. In agreement with our results, [@bb0185] found no differences in HSP90 mRNA copies between heat-stressed and control broilers. Indeed, in that study, *HSP90* protein expression increased in the liver of all heat-treated broilers after 2 h of acute heat stress, and then showed a continuous drop after 3, 5, and 10 h of heat stress. Already at 3 h of heat stress, no significant differences were recorded in comparison to control broilers. One of the hypotheses put forth by [@bb0185] was that the high *HSP90* expression at the initial stage of heat stress could enhance the survival ability of cells in disadvantageous environments. Long-term and/or excessive stress results in a decline in the expression levels of the protein due to cell lesion development ([@bb0185]). Furthermore, the pattern of *HSP90* mRNA transcription has been demonstrated to be closely correlated to protein expression ([@bb0220]).

As known, heat can be an environmental factor responsible for oxidative stress and damage. In broiler chickens, the oxidative injury induced by high ambient temperatures has been demonstrated in several studies ([@bb0020; @bb0230; @bb0315; @bb0025]). The antioxidative enzyme system, (comprising SOD and CAT) acts as the first line of antioxidant defence. Our results showed that four weeks of chronic stress from high environmental temperature exposure caused an increased expression of CAT gene in CN broilers. Such an increase in transcripts levels probably implies an increase in CAT enzyme activity since enzyme activity is often paralleled by the increase in mRNA copy number. An increase in CAT enzyme activity has been considered a protective response to oxidative stress in human ([@bb0075; @bb0325]).

The high temperature either in RO or in CN broiler chickens did not influence *SOD* expression levels. This finding is consistent with the results of [@bb0335], who reported that chronic heat stress in broiler chickens did not change plasma SOD activity. Otherwise, chronic heat stress enhanced the activity of SOD in skeletal muscle of broilers exposed to a constant temperature of 34 °C for 2 weeks, but not to cyclic (32 to 24 to 32 °C: 32 °C for 8 h/d) heat exposure in the study of [@bb0025].

Several mechanisms might explain these results. The most promising is the involvement of a nonenzymatic defence system. Willemsen and co-workers found significantly increased plasma uric acid levels in chickens exposed to high temperatures, and uric acid is considered a potent scavenger of free radicals in mammals and particularly in birds ([@bb0280]).

An unexpected result in our study was that the expression levels of *CASP6* gene decreased in RO broilers exposed to heat stress. *CASP6* is considered to be one of the genes involved in apoptosis, acting downstream of the apoptotic initiators such as caspase 2, 8, 9, and 10 ([@bb0340]). Apoptosis has an important role in maintaining tissue homeostasis in cellular stress responses, such as oxidative stress and inflammation ([@bb0120]). It is interesting to note that in the same group of broilers we found the lowest expression of the *HSP90* gene (data not shown). Recently, a study on rat pheochromocytoma (PC12) cells reported that the silencing of *HSP90* gene induced cytoprotective pathways that could protect neurons against apoptosis ([@bb0015]). Alani and co-workers demonstrated for the first time that *HSP90* gene knockdown was associated with a decrease in apoptosis level, and this result was confirmed by the decreased levels of caspase-3 protein. The results of Alani et al., suggested that the downregulation of *HSP90* could reduce cell vulnerability to stress-induced death by suppressing pro-apoptotic pathways. It has been previously reported that in normal conditions, *HSP90* binds to the inactive transcription factor heat shock factor-1 (HSF-1). However, in response to oxidative stress or to *HSP90* inhibitors, HSF-1 dissociates from the *HSP90* complex, trimerizes, and translocates to the nucleus to activate transcription of *HSP70*, which prevents the immediate apoptosis of cells and allows cellular adaptation to ensure cell survival ([@bb0170]).

With regard to the glucocorticoid receptor, despite the increase in plasma CORT levels observed in heat-stressed CN and RO, *NR3C1* mRNA levels were not influenced by chronic heat stress in any of the two broiler strains. These results are in disagreement with what we observed in a previous study conducted in three Italian chicken breeds (Valdarnese Bianca, Robusta Maculata, and Bionda Piemontese) which were reared under stress conditions from high stocking density ([@bb0210]). The Valdarnese Bianca is a breed of large white chicken, which is raised principally for its firm and tasty meat that is notably different from that produced by intensive farming methods. Hens are poor layers and tend to become broody ([@bb0125]). The Robusta Maculata and Bionda Piemontese are dual-purpose breeds of chicken. The first one was created between 1959 and 1965, by crossbreeding Buff Orpingtons with the commercial strain known in Italy as "White America" (query[@bb0005]), whereas the second one originates in the Piemonte region of northwestern Italy ([@bb0010]). In that study ([@bb0210]), we found a negative correlation between *NR3C1* transcripts in the liver and plasma CORT concentration, i.e., *NR3C1* gene expression was down regulated by CORT.

The differences found in this study in the expression of *CASP6* gene could partly be due to SNPs polymorphisms found in this gene. In particular, we found a SNP polymorphism in the *CASP6* gene (*CASP6*-9) with different allelic frequencies between the two target breeds. In addition three SNPs for the *HSP70* (*HSP70*-3, -7, -9) were detected even if in this case they were not associated to significant differences in expression levels between the two broiler breeds. We hypothesize that these SNPs could have affected the transcription level of genes, as it was demonstrated by [@bb0250] who investigated in cattle the effect of SNPs on HSP family gene expression levels.

Based on these findings, we can reasonably conclude that heat stress activated the HPA axis in broilers, increasing CORT plasma levels and consequently decreasing body weight gain in the CN broilers. Gene expression was influenced by heat stress showing a downregulation of *CASP6* transcripts levels in RO and an upregulation of *CAT* mRNAs in CN, whereas *HSPs*, *SOD* and *NR3C1* transcripts levels remained unaffected by heat stress in both target breeds. The differences found in the transcripts level of *CASP6* gene between the two strains, could be partly explained by different SNPs found. Additional research is necessary to confirm the relation between the polymorphisms and gene expression response to heat-stress conditions in broilers. However, the evidence given in this study, in terms of gene expression and genome polymorphisms could be useful in the identification of molecular genetic markers to assist in selecting broilers that are more tolerant to heat.

This work was funded under the PRIN 2008 project protocol N° 2008FN93B3: "Animal Welfare, product quality and environmental impact in chicken production under heat stress: a gene expression panel."

![Effect of chronic heat stress on growth of two broiler chicken genetic strains. Broilers of two different hybrid strains, Ross 308 (RO), Red JA Cou Nu (CN), were maintained from the 4th to the 8th week of age at two different environmental temperatures: 60 RO and 60 CN (in separate pens), at 34 °C (high temperature, HT), and other 60 RO and 60 CN (in separate pens), at 22 °C (control temperature, CT). The mean body weight of 60 animals/strain/temperature is shown at each time point. Bars indicate standard error of the mean. For statistical differences, please refer to [Table 4](#t0020){ref-type="table"}.](gr1){#f0005}
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![Plasma corticosterone concentration in broiler chicken plasma. Broilers of two different hybrid strains, Ross 308 (RO), Red JA Cou Nu (CN), were maintained from the 4th to the 8th week of age at two different environmental temperatures: 60 RO and 60 CN (in separate pens), at 34 °C (high temperature, HT), and other 60 RO and 60 CN (in separate pens), at 22 °C (control temperature, CT). Each histogram represents the average level (means ± s.e.m. as error bar) of 40 broilers (20 birds/strain). (\*) indicate significant differences (*P* \< 0.05) between RO (HT + CT) and CN (HT + CT), and between HT (RO + CN) and CT (RO + CN).](gr4){#f0020}

![A, B. Effect of chronic heat stress on mRNA copies of *HSP70* and *HSP90* genes in broilers of two breeds. Ross 308 (RO), Red JA Cou Nu (CN) broiler genetic strains were maintained for 4 weeks (from the 4th to the 8th week of age) at temperatures of 34 °C (HT) and 22 °C (CT). Each histogram represents the average mRNA copies (means ± s.e.m. as error bar) of twenty broilers (10 birds/strain/temperature).](gr5){#f0025}

![A, B. Effect of chronic heat stress on mRNA copies of *CAT* and *SOD* genes in broilers of two breeds. Ross 308 (RO) and Red JA Cou Nu (CN) broiler genetic strains were maintained for 4 weeks (from the 4th to the 8th week of age) at temperatures of 34 °C (HT) and 22 °C (CT). Ten birds/strain/temperature were analysed and each histogram represents the average mRNA copies (means ± s.e.m. as error bar). Different small letters indicate significant differences at *P* ≤ 0.05.](gr6){#f0030}

![Effect of chronic heat stress on mRNA copies of *NR3C1* genes in broilers of two breeds. Ross 308 (RO) and Red JA Cou Nu (CN) broiler genetic strains were maintained for 4 weeks (from the 4th to the 8th week of age) at temperatures of 34 °C (HT) and 22 °C (CT). Each histogram represents the average mRNA copies (means ± s.e.m. as error bar) of twenty broilers (10 birds/strain/temperature).](gr7){#f0035}

![Effect of chronic heat stress on mRNA copies of CASP6 genes in broilers of two breeds. Ross 308 (RO) and Red JA Cou Nu (CN) broiler genetic strains were maintained for 4 weeks (from the 4th to the 8th week of age) at temperatures of 34 °C (HT) and 22 °C (CT). Each histogram represents the average mRNA copies (means ± s.e.m. as error bar) of ten broilers. Different small letters indicate significant differences at *P* ≤ 0.05.](gr8){#f0040}

###### 

Sequences of primers (F, forward; R, reverse) used to synthesize in vitro standard mRNAs.

  -----------------------------------------------------------------------------------------------------------
  Gene name                    Symbol    Accession number   Primer sequence (5′-3′)
  ---------------------------- --------- ------------------ -------------------------------------------------
  Heat shock protein 90        *HSP90*   NM_206959          F: *CAATTAACCCTCACTAAAGGG*AGATCGCGCAGCTCATGTC\
                                                            R: CACCAGGTAGGCGGAGTAG

  Heat shock protein 70        *HSP70*   EU747335           F: *CAATTAACCCTCACTAAAGGG*GTGGCCTTCACCGATACAGA\
                                                            R: GCATCACGTTAAGGCCAGTG

  Catalase                     *CAT*     NM_001031215       F: *CAATTAACCCTCACTAAAGGG*AGGCTCTCAGAAGCCAGATG\
                                                            R: TCCCACAAGATCCCAGTTACC

  Cu/Zn superoxide dismutase   *SOD*     NM_205064          F: *CAATTAACCCTCACTAAAGGG*GGTCATCCACTTCCAGCAG\
                                                            R: GTACGGCCAATGATGCAGTGT

  Caspase 6                    *CASP6*   NM_204726          F: *CAATTAACCCTCACTAAAGGG*TGGACAGCAAACCTACACCA\
                                                            R: TGGGCATCATATGCGTAGACA

  Glucocorticoid receptor      *NR3C1*   DQ227738           F: *CAATTAACCCTCACTAAAGGG*CCCTGGACTGAGATCAGATG\
                                                            R: TTCGAGGTTCATGCCTGC
  -----------------------------------------------------------------------------------------------------------

###### 

Primers (F, forward; R, reverse) and TaqMan® probes (P) for quantitative real-time PCR.

  -----------------------------------------------------------------------
  Gene                         Symbol    Nucleotide sequence (5′-3′)
  ---------------------------- --------- --------------------------------
  Heat shock protein 90        *HSP90*   F: TCATCAACACGTTCTACTCCAACAAG\
                                         R: CGGAGGCGTTGGAGATGAG\
                                         P: CCGCAGGAAGATCT

  Heat shock protein 70        *HSP70*   F: CCAAGAACCAAGTGGCAATGAA\
                                         R: CATACTTGCGGCCGATGAGA\
                                         P: CCCCACCAACACCATC

  Catalase                     *CAT*     F: ACTGGTGCTGGCAACCC\
                                         R: ACGTGGCCCAACTGTCAT\
                                         P: AATAGGAGATAAGCTGAATATT

  Cu/Zn Superoxide dismutase   *SOD*     F: CGGGCCAGTAAAGGTTACTGGAA\
                                         R: TGTTGTCTCCAAATTCATGCACATG\
                                         P: CAGACAAGCCGGTAATTT

  Caspase 6                    *CASP6*   F: CGTTAATCTTCAATCACGAGCACTT\
                                         R: GCGTTTCAGATTGTTTCTGTCTGC\
                                         P: CTGGCAGCCTTAAATG

  Glucocorticoid receptor      *NR3C1*   F: GCAGCTGCAAAGTGTTCTTCAAAA\
                                         R: GTTCCTTCCAGCGCAGAGATAG\
                                         P: TTGTGCTGCCCTTCCAC
  -----------------------------------------------------------------------

###### 

The studied SNPs.

  -----------------------------------------------------------------------------------------------
  Gene      SNP name   Accession nr.                               SNP           Supplementary\
                                                                                 information
  --------- ---------- ------------------------------------------- ------------- ----------------
  *HSP70*   HSP70-3    AY178441-3                                  C \> T        

  *HSP70*   HSP70-4    A \> G                                                    

  *HSP70*   HSP70-5    A \> G                                      Monomorphic   

  *HSP70*   HSP70-6    A \> G                                      Monomorphic   

  *HSP70*   HSP70-7    G \> T                                                    

  *HSP70*   HSP70-9    C \> T                                                    

  *CASP6*   CASP6-3    AF212219[⁎](#tf0005){ref-type="table-fn"}   C \> G        Monomorphic

  *CASP6*   CASP6-9    A \> G                                                    

  *CASP6*   CASP6-10   C \> T                                      Monomorphic   

  *CASP6*   CASP6-18   C \> T                                      Monomorphic   
  -----------------------------------------------------------------------------------------------

\>: The "greater than" sign indicates the point of mutation for each studied SNP. The nomenclature for SNPs can be confusing: several variations can exist for an individual SNP and consensus has not yet been achieved. One approach is to write SNPs with a prefix, period and "greater than" sign showing the wild-type and altered nucleotide; for example, A \> T.

Not available in chicken. The accession number is relative to *Oncorhynchus mykiss*.

###### 

Weights LSMEANS (g) observed in the two breeds and in the two experimental temperature conditions at different ages (week).

      Strain               Temperature                           
  --- -------------------- -------------------- ---------------- ----------------
  1   97.5 ± 2.0           99.0 ± 1.7           101.5 ± 1.8A     94.9 ± 1.9B
  2   226.7 ± 6.6a         246.1 ± 5.5b         240.8 ± 61       232.0 ± 6.1
  3   441.1 ± 13.6         429.9 ± 10.9         444.5 ± 12.6     426.4 ± 12.1
  4   599.4 ± 25.3A        702.5 ± 21.9B        669.8 ± 23.1     632.1 ± 24.3
  5   905.6 ± 38.0**A**    1164.833.7**B**      1089.5 ± 34.6a   980.9 ± 37.1b
  6   1297.0 ± 50.7**A**   1698.7 ± 44.0**B**   1610.4 ± 46.2A   1385.3 ± 48.7B
  7   1560.6 ± 93.4**A**   2155.0 ± 76.4**B**   1994.8 ± 86.1a   1720.7 ± 84.5b
  8   1762.4 ± 95.4A       2299.1 ± 82.6B       2189.3 ± 87.0a   1872.2 ± 91.5b

Different small, capital and capital bold letters in the same line (for each main effect) indicate significant differences at *P* ≤ 0.05, *P* ≤ 0.01 and *P* ≤ 0.0001, respectively.

###### 

LSMEANS of the slaughtering traits of broilers of two strains reared at two different temperature conditions.

                 Strain               Temperature                          
  -------------- -------------------- -------------------- --------------- ---------------
  *Weight* (g)   1525.4 ± 88.2**A**   2045.2 ± 73.1**B**   1892.7 ± 77.5   1678.0 ± 84.4
  *Yield* (%)    86.6 ± 0.4           87.8 ± 0.4           86.8 ± 0.4a     87.6 ± 0.5b

Different capital bold and small letters in the same line (for each main effect) indicate significant differences at *P* ≤ 0.0001 and *P* ≤ 0.05, respectively.

###### 

Frequencies of SNPs in the studied genes.

  Gene      SNP   Breed[⁎](#tf0010){ref-type="table-fn"}   Genotype   Allele                                            
  --------- ----- ---------------------------------------- ---------- -------- ---- ---- ---- ---- ---- ----- ---- ---- ----
  *HSP70*   3     CN                                                  7             7         86              50        50
  RO              7                                                   60            33             24         76        
  4         CN    7                                                   13            80             47         53        
  RO        27                                             33                  40             47        52              
  7         CN                                                        93                      7               97   3    
  RO                                                       27         20                 53             54    46        
  9         CN                                             47                  6         47             70         30   
  RO                                                                  67            33             17         83        
  *CASP6*   9     CN                                       100                                          100             
  RO        53                                                                 47             76        24              

CN: Red JA Cou Nu; RO: Ross 308.
